Abstract. Well-ordered Ag nanodot array on indium-tin-oxide (ITO) glass is adopted as a sensor platform based on surface-enhanced Raman scattering (SERS). SERS has attracted extensive attention in the development of sensitive chemical or biological sensors due to its property of the amplification of electromagnetic fields on a metal nanostructure. The key issue for the applications of SERS is to secure the fabrication technique of a noble metal nanostructured surface. For an SERS-active surface with stability and reproducibility, a Ag nanodot array is fabricated on the ITO glass using a nanoporous alumina mask with uniform through holes. The signal intensity of SERS from methylene blue (MB) adsorbed on the Ag nanodot array showed much stronger scattering than the one from the Ag film of 50-nm thick. The SERS intensity on the Ag nanodot array is consistently enhanced by increased concentration of MB. These results confirm that the Ag nanodot array on ITO glass can be utilized as a stable platform for the sensitive detection of chemical materials based on SERS. © The Authors.
Introduction
Surface-enhanced Raman spectroscopy has attracted significant attention as an analytical technique for the sensitive and selective detection of molecules adsorbed on some roughened metal or nano-size metal surfaces.
1,2 Surface-enhanced Raman scattering (SERS) is achieved based on the strong enhancement of its vibrational signals through the amplification of electromagnetic fields, and the fields are generated by the excitation of localized surface plasmon on a metal nanostructured surface. 2 One of the primary topics for applications of SERS is to prepare an SERS-active surface. Many researchers have attempted to make SERS-active surfaces via diverse methods including chemical etching, 3 island lithography chemical etching, 4 and nanosphere lithography. 5 Various metallic nanostructured surfaces, such as roughened silver electrode, 6 gold nanostructured film, 7 gold colloidal nanoparticles, 8 cap-shaped silver nanoparticles, 9 nanostructured gold-coated substrate, 10 and gold nanopillar arrays, 11 have been proposed for SERS-active substrates. The plasmonic properties are correlated with the metal nanostructured surface. In other words, the structure of the metal nanoparticles affects the enhancing capability of an SERS-active surface, and the capability is quantified by the quantity called enhancement factor. 12 SERS enhancements rely on surface plasmon resonances associated with plasmonic phenomenon, in which conduction electrons oscillate coherently with the frequency of an applied radiation field. 13 The metal nanostructures have potential applications as building blocks for highly sensitive biological and chemical sensors.
technique used in this work is a nanofabrication method using nanoporous alumina template. The nanoporous alumina mask can be reproducibly obtained from a self-organized anodic aluminum oxide layer prepared by an anodization method. The structure of porous alumina layer is close-packed hexagonal columnar cell array containing a central pore normal to the aluminum substrate. The nanoporous alumina mask with through-holes was achieved by removing the barrier alumina layer on the aluminum. The fabrication technique of nanostructured surface using the nanoporous alumina mask has several advantages such as reproducibility, stability, and low cost. Many kinds of nanostructures including nanoholes, 15 nanorods, 16 and nanodots [17] [18] [19] [20] have been fabricated using nanoporous alumina masks. Particularly, the nanoporous alumina mask has been used as an evaporation mask to fabricate various nanodot arrays. [17] [18] [19] [20] [21] So far, there has been intensive research on the fabrication of nanodot arrays on a substrate, but little effort has focused on the height of Au nanodots for maximizing the efficiency of SERS. 21 The advantage of using the nanoporous alumina mask for the preparation of metal nanostructure for SERS is the controllability of the dimension of metal nanodot. 21 In addition, the metal nanodot can be reproducibly prepared from the nanoporous alumina masks. In this study, we report the fabrication of Ag nanodot array on indium-tin-oxide (ITO) glass via alumina mask with through-holes and the utilization of this array as a substrate for SERS. Note that the ITO glass refers to ITO-coated glass with good transparency and conductivity. The reason for using ITO glass as a substrate instead of popular SiO 2 or BK-7 (metal-coated Pyrex 7740 glass) for surface plasmon resonance is because the focus of this experiment was to detect the Raman signal only from Ag nanodot array, not from substrate for sensitive detection. Any radiations from substrate were not desired, and BK-7 and simple glass radiate the undesired signals much more than that of ITO glass. The plasmonic property of Ag nanodot array on ITO glass was examined by UV spectroscopy. The SERS activity of Ag nanodot array on ITO glass was investigated by varying a concentration of methylene blue (MB) on Ag nanodot array, where MB is used as an SERS probe material.
Experiments

Preparation of Nanoporous Alumina Mask and Ag Nanodot Array
Well-ordered nanoporous alumina layer was prepared from an aluminum foil using two-step anodization process devised by Masuda and Satoh. 17 The anodization step was performed by applying 40 V bias in a 0.3 M H 2 C 2 O 4 at 3°C. Very thin nanoporous alumina mask in large dimension was prepared by two-time wet chemical etching. 18 After the second anodization, the aluminum oxide layer was slightly etched in 5 wt.% H 3 PO 4 solution at 30°C. Subsequently, a protecting layer on the surface of the aluminum oxide layer was coated, and the remaining aluminum substrate was completely removed using saturated HgCl 2 solution. Then, the aluminum oxide layer was dipped again in 5 wt.% H 3 PO 4 solution. Finally, the protecting layer was dissolved in acetone and then rinsed in distilled water. The fabricated nanoporous alumina mask with through-holes was placed on the surface of the ITO glass substrate. The fabrication process of the alumina mask is well described in detail elsewhere. 18 Silver was deposited onto the surface of ITO glass by electron beam evaporation that is masked by the nanoporous alumina mask with through-holes. Under the vacuum of ∼10 −4 Torr, 50-nm thick film of silver was deposited via electron beam evaporation at a deposition rate of ∼1 Å∕s. After the deposition, the alumina mask was selectively dissolved in 1 M NaOH for several minutes. The Ag nanodot array was fabricated on the ITO glass substrate, which referred to as the Ag nanodot array/ITO glass.
Surface and Optical Characterization of Ag Nanodot Array
The morphologies of the nanoporous alumina mask and Ag nanodot array were characterized by field emission scanning electron microscopy (FESEM) (Hitach S-4700). The absorption spectrum of Ag nanodot array/ITO glass was measured by an ultraviolet-visible (UV-Vis) spectrometer (Perkin Elmer Lambda 18). The optical property of MB adsorption on Ag nanodot array/ITO glass was examined by Raman spectrometer (LabRAM HR). Raman measurements were made in backscattering geometry with a LabRam HR fitted with a liquid nitrogen-cooled CCD detector. The spectra were collected under ambient conditions using the 633-nm line of a He─Ne laser. The power of the He─Ne laser was adjusted from 0.1 to 2 mW according to the concentration of MB.
Results and Discussion
Preparation of Ag Nanodot Array
The fabrication of Ag nanodot array/ITO glass begins with the preparation of the nanoporous alumina mask. The nanoporous alumina mask was fabricated from 99.999% pure aluminum foil. The structure of porous alumina layer is a self-organized close-packed hexagonal cell array containing a central pore on the aluminum substrate. The aluminum oxide layer was composed of a porous alumina layer containing a central pore and the bottom barrier alumina layer. The nanoporous alumina mask with through-holes was made by removing the bottom barrier alumina layer. The density of nanodot arrays/ITO glass can be controlled through the anodization condition of the alumina mask. 19 The shape and size of the nanodot arrays can be adjusted by changing the aspect ratio of the alumina masks. 20 The crucial issue in preparing the nanoporous alumina mask for its usage as an evaporation mask is the complete removal of the bottom barrier alumina layer. We prepared a very thin nanoporous alumina mask with through-holes using a two-step chemical wet etching process. 18 The schematic illustrations of fabrication process and the FESEM images of Ag nanodot array/ITO glass are shown in Fig. 1 . The FESEM image of ITO glass covered with the alumina mask is shown in Fig. 1(d) . The thickness of the nanoporous alumina mask with through-holes was about 200 nm. After the second anodization for 4 min, the aluminum oxide layer was etched slightly for 12 min in 5 wt.% H 3 PO 4 solution at 30°C. After dissolving the remaining aluminum substrate, the aluminum oxide layer was dipped again for 9 min in 5 wt.% H 3 PO 4 solution. The nanoporous alumina mask was put on the surface of ITO glass. The pore diameter and the hexagonal cell size of the mask were 60 and 105 nm, respectively. After silver deposition, the FESEM image of the top surface of the alumina mask and Ag nanodot array/ITO glass is shown in Fig. 1(e) . After the partial removal of the alumina mask by adhesion of carbon tape, there are metal clusters on the top surface of the residual alumina mask. Figure 1 (f) shows well-arranged Ag nanodot array/ITO glass after completely removing the alumina mask. The uniform nanodot array/ITO glass was formed in periodic patterns with a mean separation of 105 nm. The average diameter of the nanodots was 58 AE 4 nm, which is the same as the pore size of the mask. The alumina mask attached on the ITO glass substrate mainly determines the distribution of the nanodot arrays.
Localized surface plasmon resonance (LSPR) extinction for Ag nanodot array occurred near the maximum absorption wavelength of the electromagnetic wave. Because the excitation of LSPR on the metal nanostructured surface lies at the hard core of SERS, 1 the fabrication technique of noble metal nanostructures is also a crucial factor for performing an SERS experiment. The plasmonic property of Ag nanodot array/ITO glass was examined by UV extinction spectroscopy. The typical FESEM image of Ag nanodot array/ITO glass shown in Fig. 2(a) and the extinction spectrum shown in Fig. 2(b) proves that a uniform and well-ordered Ag nanodot array was formed on the ITO glass. The UV spectrum for the Ag nanodot/ITO glass with the diameter of 58 AE 4 nm shows the maximum extinction peak at 518 nm. The extinction maximum depends on the composition, size, structure, and shape of the metal nanostructure. 12 The LSPR is sensitive to the surrounding medium, so probing a change in refractive index can be used for monitoring adsorbates on the plasmonic particle. 13 The sensitivity of the LSPR to the local environment can be utilized as a biochemical sensor by measuring wavelength shifts in extinction spectra. 13 
SERS Characterization of Ag Nanodot Array
The most important factor for performing an SERS experiment is to fabricate an SERS-active surface. The Raman enhancement is affected by the optical properties of a substrate. The effect of substrate for SERS-active surface was explored on three different SERS substrates, which were Ag nanodot array on ITO glass substrate, 50-nm thick Ag film on ITO glass substrate, and bare ITO glass substrate. In order to confirm the SERS effect, MB of 0.15 mM concentration, as SERS probe, was dispersed on those three different substrates. The Raman spectra from those three different samples with the same adsorption in the same concentration of MB are presented in Fig. 3 . All the Raman spectra were recorded under the same measurement conditions by a He─Ne laser with the wavelength of 633 nm and the power of 1 mW. As shown in Fig. 3 , the Raman spectra obtained from those three samples are substantially different. The Raman spectrum from the bare ITO glass substrate was not observed under the measurement condition. The SERS signal from MB adsorbed on Ag nanodot array/ITO glass was dramatically enhanced compared with that on Ag film/ITO glass. Based on the Raman band of MB at 1624 cm −1 , the Raman intensity from MB on the Ag nanodot array/ITO glass was increased about 40 times compared with that on Ag film/ITO glass, confirming the significant role of Ag nanodot array on the Raman signal enhancement. The Raman spectrum from MB adsorbed on Ag nanodot array/ITO glass is called SERS. The intensity of Raman signals from MB adsorbed on a commercial glass substrate was similar to that on Ag film/ITO glass. In order to achieve the lowest limits of SERS detection, we need to obtain the signals only from MB on the Ag nanodot array. To do so, we selected the ITO glass to minimize the effect from a glass substrate. These results revealed that the Ag nanodot array shows predominant effect in Raman scattering in terms of the signal intensity and spectral shape for SERS-active surface. Figure 4 shows the SERS spectra from MB with concentration varying from 0.1 μM to 1.5 mM on the Ag nanodot array. The SERS intensities from Ag nanodot array/ITO glass were steadily increased with the concentration of MB. The SERS intensity from the 1.5 mM concentration of MB on the Ag nanodot array/ITO glass was increased about 10 times compared with that from the 0.15 mM concentration of MB under the same measurement condition. The SERS spectra are in good agreement with the concentration of MB. The SERS signal at 1624 cm −1 almost diminished for the 0.1 μM concentration of MB. Therefore, the SERS signal at 1624 cm −1 could be detected at 1 μM concentration of MB. The peak at 1624 cm −1 is assigned to C─C ring stretching mode. 22 By lowering the MB concentration on the Ag nanodot array, the C─C bond leads to the decrease in the ratio of the corresponding peaks. The SERS signal intensity significantly depends on the molecular characteristics and on the nature of the interaction of the molecules with the substrate. 23 The band at 1624 cm −1 for the MB concentration of 1 μM shifts to the band at 1622 cm −1 for the MB concentration of 1.5 mM in SERS signal. The aggregation effect seems to occur in this case. 24 According to the previous report, the shift of the SERS signal indicates that the MB molecules may be chemisorbed on Ag nanodot surface, so that chemical effects are responsible for the relative shift. 9, 24 In addition, the binding affinity of MB leading to a variation in the SERS intensity can be attributed to the activation effect in SERS. 24 Figure 4(b) shows the SERS intensities of the band at 1624 cm −1 from MB with a concentration varying on the Ag nanodot array. Note that the X-axis plots the concentrations of MB on a log scale. The SERS intensity on the Ag nanodot array was consistently enhanced as the concentration of MB increased. These results demonstrate that the Ag nanodot array is a good candidate for SERS-active surface providing better reproducibility and stability, which is promising as a future SERS platform for sensing in various applications.
Conclusions
We have demonstrated the fabrication of Ag nanodot array using the nanoporous alumina mask and its application to the substrate for SERS measurement. The most important factor for performing an SERS experiment is a nanofabrication technique of metal nanostructure with stability and reproducibility for SERS-active substrate. Ag nanodot array was fabricated on the ITO glass in periodic pattern as a replica of the alumina mask. From the SERS spectra of MB on the Ag nanodot array/ITO glass, the SERS intensity was consistently increased with the concentration of MB. The reproducibility of the SERS intensities confirms that the uniform Ag nanodot array is suitable as an SERS substrate for the detection and sensing of chemical species with high sensitivity. Therefore, Ag nanodot array can be utilized as an SERS platform in future applications for the detection and sensing of biomolecules and chemical materials.
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